INTRODUCTION
Dismukes et al.
-In the r~action centers of photosynthetic membranes the excitation produced by light absorption leads to a rapid transfer of electrons in an oxidation-reduction reaction. The electron donor and acceptor molecule~ are incorporated into a well defined complex that is fixed in the membranes. For Photosystem I of higher plants and algae the electron transfer results in optical absorption changes associated with the species P700, the electron donor, and P430, 1 an early electron acceptor . Characteristic EPR signals associated with the unpaired electrons present in the donor and acceptor species are also observed. 2 The photoinduced changes in P700, which are easily monitored using optical absorption or EPR at room temperature under physiological conditions, have been 6 Evans, et ~. 7 • 8 and Ke et ~. 4 report evidence of a new, unidentified species, designated X, which exhibits properties characteristic of the primary acceptor when the bound ferredoxin has been reduced chemically. A light-induced EPR signal that is observed for X forms reversibly in parallel with P7oo+ Even when no chemical reductant 5 Dismukes et al.
is ,present, a component of the EPR spectrum of P700+ is formed reversibly at low temperatures, 9 ,lO,ll whereas the light-induced EPR signal of bound ferredoxin is irreversible; 2
In a previous publication we reported the observation of chemicallyinduced dynamic electron polarization (CIDEP) associated with the initial charge separation in Photosystem I at room temperature. 12 At that time, it was believed that the so-called triplet mechanism 13 was responsible for the spin polarization. Our more recent results and interpretations indicate that polarization develops by a radical pair mechanism. This mechanism is established in systems of freely diffusing radicals. 14 Spin polarization is characteristic of systems that are photochemically prepared with initial spin state populations that are not in thermal equilibrium with their surroundings. According to the radical pair mechanism, unpaired electron spin density may develop via coherent mixing of .singlet and triplet states on a weakly-coupled radical pair. This mixing, which is driven by the difference in local magnetic fields and by spin exchange, occurs more rapidly than does incoherent relaxation with the lattice. The molecular state that is precursor to radical-pair formation can be determined from the sign {emission or :nhanced-absorption) of the polarization.
Spin polarization studies provide information on the identity of both radicals of the pair, even when only one of them exhibits measurable polarization. This is the case here, because the acceptor radical experiences prompt spin-lattice relaxation at room temperature. Spin exchange between the two partners causes the spectrum of each radical to reflect the properties of both.
Furthermore, the dependence of the spectrum on membrane orientation provides information on the anisotropy of the magnetic interactions and the orientation of the radical species. 6 Dismukes et al.
In this paper we describe light-induced spin polarization in samples containing spinach chloroplasts, Photosystem I particles, or whole cells of Chlorella pyrenoidosa, using time-resolved EPR. The detailed shape of the spectrum of spin polarization and its dependence on orientation of the photosynthetic membranes lead us to propose a mechanism that is significantly different from that presented in our previous paper. In particular~ we now believe that the spin polarization observed is from P700+ and that its spectrum reflects ·interaction with a counter-radical with EPR properties resembling a reduced iron-sulfur protein. This mechanism of development of spin polarization will be treated in detail in a later paper. 15
MATERIALS AND METHODS

7
Dismukes et a 1. All transient experiments were performed with a modified Varian E-3 or E-9 spectrometer using 1 MHz magnetic field modulation. Dismukes et a 1. particles). 18 The green alga Chlorella pyrenoidosa (original Emerson strain)
. M d . 19 was grown 1n yers me 1um.
Measurements of electrochemical potential were made with a platinum electrode, using Ag/AgCl as a reference couple. The electrode was ca1ibrated against a saturated.solution of quinhydrone at pH 4.01 and 7.00, both at ambient temperatur~. Redox titrations were carried out on chloroplast suspensions buffered at pH 7.5 which were continuously flowed through the EPR cavity from the titration cell. Aliquots of a concentrated K 3 Fe(CN) 6 solution were used for the oxidative titration, and a saturated ascorbate/ascorbic acid solution (pH 7.5) was used for back titration.
Chloroplasts orient in a velocity gradient. 20 We induced orientation by flowing the suspension through a flat quartz sample cell of cross section 0.025 em x 1.0 em. The flow rate varies with the viscosity of the suspension but typically was 0.6 ml/min for suspensions containing 2 mg/ml of chlorophyll.
Flow rates to 3 ml/min were available.
The geometry of the sample cell. relative to the spectrometer's magnetic field axis is fixed by the design of the EPR cavity, as indicated in Fig. la .
This configuration results in the alignment of the short axis of the chloroplast along the velocity gradient, which is perpendicular to the magnetic field of the spectrometer. Spinach chloroplasts are shaped like oblate ellipsoids, within which the orientation of the normal to the thylakoid 21 membranes is predominantly along the short axis of the chloroplast.
Spectra of nonflowing chloroplasts were recorded using a fresh chloroplast suspension for each magnetic field position. Under these conditions, the chloroplasts are nearly isotropically oriented. In the absence of flow, the chloroplasts align partially (10-15%) in the 3.4kG magnetic field used in the In a typical experiment we monitor the first derivative of the EPR absorption at a fixed field during a laser pulse. This is shown in the upp~r trace of Fig. 2 for broken spinach chloroplasts at a field position on the high field side ·of the P700+ spectrum. A large transient change in intensity occurs during the laser pulse, followed by a slower decaying signal afterwards.
·Both signals are field dependent, indicating that they are not due to flash artifacts. Flow orientation of the photosynthetic membranes causes the brief pulse to invert for some field positions, as shown in the lower trace of The dependence of both signals on magnetic field strength for flow oriented and for nonoriented samples is plotted in Fig. 3 . The amplitude of the rapid signal is taken as the difference between the peak amplitude and the amplitude following the pulse (see Fig. 2 the weaker EPR magnetic field. We estimate orientation of 10-15% at 3.4 kG, in agreement with results from fluorescence polarization. 22 Babcock and Sauer observed changes in Signal II spectra with increasing ionic strength of the suspension medium. 24 The spectral changes they observed are identical to those we see in oriented samples, which suggests that the effect of increasing ionic strength may be to increase the degree of orientation by the EPR magnetic field.
Spinach Chloroplasts, Flashlamp Experiments
In an earlier paper, we reported spin polarized EPR spectra for spinach 12 chloroplasts using a 10 ~ec pulsewidth xenon flashlamp.
The long pulsewidth excitation source is·not favorable for observation of polarized signals with much more rapid kinetics of formation and decay, however. The earlier data on flow oriented chloroplasts did not reveal a high field enhanced absorption peak for the polarized spectrum, although the lineshape asymmetry and 2G downfield shift of the crossover point relative to the relaxed P700+ signal were observed.
We have performed additional experiments using the flashlamp at improved sensitivity, and we now find evidence for a high field absorption peak on th~ otherwise predominantly emissive polarized spectrum of oriented chloroplasts.
These data are shown in Fig methods, but is greater than the value of +375 mV found by Evans, Sihra, and Slabas. 28 The redox behavior appears to be that of a one-electron transfer process. Using the xenon flashlamp and 1 MHz field modulation (limiting response time 10 ~sec) we found no polarized EPR absorption or emission at room temperature for whole cells or chromatophores of the photosynthe~ic bacteria R. rubrum or for whole cells of R. spheroides. 
Dismukes et al. DISCUSSION
In an earlier paper we reported our initial observations of an EPR emission signal in chloroplasts.
12 At that time we believed that the signal was due to the acceptor radical and that polarized emission occurred because of radical formation from the triplet state of P700, by the so-called triplet mechanism of CIDEP. The new evidence presented here forces us to reject this interpretation.
The results of the redox titration experiment, the observation of the polarized signal in Photosystem I particles and with far red light (694 nm) are in agreement with our earlier interpretation that the polarized radical is involved in electron transfer in Photosystem I. However, these observations can be explained if the polarized signal arises from either P700+ or the photoreduced acceptor radical. We now believe that the g value and lineshape
of the polarized signal can be understood best in terms of polarization of the P700+ radical. The complex lineshape changes that we observe upon orientation can be accounted for by a radical pair mechanism of electron transfer. In this view the transfer of an electron from the chlorophyll donor, P700, to an adjacent acceptor molecule produces two radicals sufficiently close to one another that orbital overlap and, hence, spin exchange coupling occurs.
This weakly coupled radical pair is born with the same spin configuration as that of the excited molecular state of P700 from which transfer occurred, i.e., spin singlet; hence, there will be no initial polarization. However, in a weakly coupled radical pair coherent mixing of the singlet and triplet states is produced by the difference in local magnetic fields on the two radicals (hyperfine and spin-orbit fields). Mixing of this type produces spin polarization in freely diffusing radicals in solution . 14 • 29 We believe that this process is also significant for membrane bound radicals where rapid
Dismukes et a 1. electron transfer takes the place of bulk radical diffusion in the dynamics of radical pair formation a~d separation. 15 Our results indicate that the counter radical of P700+ is oriented in the membrane and possesses a distinctly anisotropic g tensor. Anisotropic g tensors are characteristic of the two leading candidates for the electron b d .
-6,7;8T 1 . acceptor: mem rane-bound ferre ox1n and X . he coup 1ng between the paired radicals results in a highly anisotropic spin polarized P700+ signal, because exchange coupling between the two radicals causes the magnetic anisotropy of the acceptor radical to be observable in the P700+ spectrum. In this manner the predominantly isotropic unresolved hyperfine structure of P700+ can exhibit anisotropic features. Anisotropic features are not observed following spin relaxation, evidently because rapid electron transfer separates the paired radicals faster than relaxation oocurs. The participation of the triplet state of P700 via a triplet mechanism of radi_cal formation can be rejected, because this mechanism cannot account for transitions of both emission and enhanced absorption among the hyperfine states of P700+(ref. 13 ).
Consideration of the qualitative features of the radical pair mechanism developed by Adrian 14 ,  or that given in the next paper, 15 yields insights into the identity and orientation of the radicals and the spin multiplicity of the precursor state of P700. Radicals born from a pure spin singlet or triplet molecular state will populate either Zeeman level of the separated doublet ~adical with equal probability and, therefore, yield no spin polariza- The first term is due to a difference in g values·and the last term is the + hyperfine field on radical 1, (here P700 ). g 1 and 9 2 are isotropic and anisotropic g tensors, respectively; B 0 is the Bohr magneton; ~ is Planck's constant divided by 2IT ; H is the magnetic field strength; ai is the hyperfine coupling constant for nucleus i on P700+, and mi is the corr JOnding nuclear magnetic quantum number.
The expression given in eq. [1] is suitable when the dominant mixing occurs between the singlet level and the triplet level for which <S > = 0. This occurs z when the anisotropy of the g and hyperfine tensors is small and when the singlet-triplet splitting (exchange energy) is much less than the Zeeman energy. We ignore any effect of a hyperfine field on radical 2 for simplicity, because it does not alter the following arguments. The (g 1 -9 2 ) or ~g term in eq. [1] populates the upper spin states of the radical with the larger g factor and the lower spin states of the radical with the smaller g factor. This produces on the average, emission from radical l and absorption from radical 2. Because the sign of the hyperfine term changes in the center of the P700+ spectrum, the polarization changes from emission to absorption at the field value ~here the two terms of eq [l] become equal and of opposite sign in going from the low to the high-field hyperfine states. The symmetric signals that we observed for samples which are not flow oriented show a consistent narrowing of about 2-2.5 G compared to the 8 G wid~h of the relaxed P7oo+ spectrum. The data are given in Table I . ' 20 Oi smukes et a 1. This is further evidence of an exchange interaction with an acceptor radical. EPR signals that they report do not integrate to zero, as is necessary for a physically reasonable signal. This indicates that their spectra are distorted by rapid passage effects or microwave power-saturation at the low temperatures. This may explain their apparent observation of two radicals. Alternatively, the two peaks that they saw split by ca 5 G in deuterated algae may be due to the radical pair, P700+x-, in which spin exchange coupling has split the P700+ spectrum. In any case, severe distortions appear to be present. Also, these authors propose that the triplet mechanism is responsible for the polarization on the basis that 1•. ' 22 Dismukes et al. molecular diffusion is impossible in a membrane bound system. We have shown that electron transfer reactions are quite capable of producing large spin polarization via a radical pair mechanism in membrane bound systems. 15 , 31 Our evidence indicates that it is the excited singlet state of P700 which is the molecular state involved in charge separation. 15 If it is accepted that the radical pair mechanism is responsible for spin polarization, as is clear from our experiments, then the appearance of both primary donor and acceptor radicals in total emission is clearly impossible when ST 0 mixing is dominant. Accordingly, we believe the signal reported by Mcintosh and Bolton is probably due solely to polarized P700+.
The absence of a flow effect on the lineshape of the polarized P700+ signal fot Chlorella and Photosystem I particles is consistent with the expectation that a hydrodynamic velocity gradient cannot orient sperical bodies or exceptionally small fragments. Also, the small degree of magnetic field orientation which occurs at 3.4 , kG ~or chloroplasts is negligible for Chlorella and absent for Photosystem I particles. 22 , 23 The polarized signals in nonflowing samples of spinach 'chloroplasts, Chlorella and Photosystem I particles are all in total emission, as expected if g valu~ differences dominate in the production of polarization. Table   I shows that the integrated polarization intensity can vary considerably depending on the organism or the extent of fractionation of the chloroplast. This is not unreasonable, since the separation of the radicals may also be influenced by these changes. The emission spectra in Ch lore 11 a and + Photosystem I particles are not centered about the relaxed P700 spectrum, but appear 1-1.5G to lower field. This is expected if both a g value difference and a hyperfine field of similar magnitude contribute to the polarization. The average g value difference between P700+ and x-at ...
